Abstract: This article analyses the energy behaviour of an electric golf car as the penultimate step to developing a fuel cell electric light-duty vehicle. The configuration used is that of an extended range electric vehicle with a fuel cell (FCEREV). The system includes two energy storage sources to drive the powertrain: the first consists of using energy stored in a lead-acid battery pack and the second consists of hydrogen stored in metal hydrides and its use is based on a 200 W polymer electrolyte membrane (PEM) type fuel cell. The type of system also allows charging the vehicle by connecting it to the electrical grid. The aim of the proposed design is to extend the autonomy of the golf car allowing it to make several trips in one day without having to charge it by connecting it to the electrical grid, considering the large amount of time this would take. The analysis of the performance has been set based on the current regulation and is therefore within the range for these types of vehicles. This arrangement extends autonomy by 38% as opposed to the pure EV electrical mode, which allows for making at least two more trips with a hydrogen tank filled with 0.085 kg H 2 .
Introduction
The transport sector has become a constant energy consumer, which has resulted in a higher consumption by energy carriers. A brief analysis conducted in 1973 showed a consumption of 1082 Mtoe of useful energy for transport as compared to the year 2015 where the consumption was 2704 Mtoe-in other words, in three decades, the demand increased by more than double and this value represents 28.81% of the total final energy consumed by all sectors. Ninety-two percent of the energy consumed by the transport sector comes from oil (gasoline and diesel), while the remaining 8% comes from other energy resources such as coal, natural gas, and electricity [1, 2] . Different types of transport are available and are listed in Table 1 , where we can also see their consumptions in tons of oil equivalent for the year 2015.
The high consumption of fuels derived from oil used by internal combustion engines has generated a large amount of anthropogenic greenhouse gases. The transport sector contributes to two major environmental issues on both the local and global scale. First, urban areas are affected by high levels of noise and air pollution (PM10, NOx, SOx, CO, etc.), and second, fossil fuel combustion in diesel and gasoline engines releases CO 2 into the atmosphere [3] [4] [5] , and these gases combined with those that are produced by nature are contributing to global warming. To quantify them, an equivalent unit has been defined as CO 2 -eq, which represents a calculated value using the potential warming values [6, 7] . In recent years, the emission of gases generated by the combustion of fuel has notably increased. Due to this situation, several alternatives have been proposed of using optional fuels for transport. The aim is to replace internal combustion engines with electric motors. Nowadays, the transition in light vehicles is accomplished using hybrid propulsion systems, which uses an internal combustion engine combined with an electric motor. In fact, since the Toyota Prius was introduced in 1997 as the first hybrid vehicle [9] , today there are more than 50 different models manufactured by the 14 major brands [10] . Electric vehicles are another alternative, but their main energy challenge continues to be the autonomy of batteries for travelling long distances, as well as the time it takes to recharge the batteries.
One of the options for solving the problem of autonomy is to incorporate a fuel cell that uses molecular hydrogen (H 2 ) as the energy carrier, which unlike the batteries, can be charged in just a few minutes (three to five minutes [11] ). These vehicles are called FCEVs (Fuel cell electric vehicles).
Hydrogen is an element with excellent energy properties that make it stand out as compared to traditional fossil fuels. One of these properties is the energy density based on the mass, which is up to three times greater than that of other fuels, if we compare their energy value which is greater than 141.9 MJ/kg as compared to conventional fuels such as gasoline, diesel, and methane gas with values of 47.5, 44.8, and 55.5 MJ/kg, respectively [12] . However, its energy density per unit of volume is much lower than that of these fuels: three times lower using liquid hydrogen and six times lower using hydrogen gas [13] . Table 2 lists the energy values of hydrogen next to the values of traditional fuels used in transport. These values are listed based on their energy per unit of mass and per unit of volume. Table 2 . Volumetric and gravimetric energy densities of fuels used in automotive transport [12] [13] [14] [15] .
Fuel
High Although there are models of light road vehicles developed by vehicle brands, it is rare to take into account the applicability to special vehicles, hence why the aim of this article is to carry out an energy analysis using a fuel cell on a transport vehicle, specifically in an electric golf car as a first step to develop a light-duty fuel cell electric car. The objective is to extend autonomy so the car can be operated for an entire day without needing to recharge the electrical system. The aim is for the batteries to end up in a state that does not affect their service life. Finally, the energy storage system will be charged by connecting it to the electrical grid at the end of the operating day.
Methodology
The type of system used in the powertrain is shown in Figure 1 , which is called Fuel Cell Extended Range Electric Vehicle (FCEREV). This system has two energy storage systems: the first uses a battery pack with a capacity of 105 Ah and the second one used a hydrogen tank with 0.085 kg H2 stored in metallic hydrides. The input variables considered for the energy estimate are the physical features of the vehicle such as its size and mass, also considered are factors such as the drive resistance and characteristics of the circuit such as the elevation profile as well as the speed profile. The performance of the golf car, based on the typical characteristics of this class of vehicles, has been used as the starting point. The energy estimates are determined based on an experimental drive cycle similar to a golf course circuit. Two sections have been determined: the first from hole 1 to 9 and the second from hole 9 to 18. Figures 2 and 3 , using instrumentation equipment to measure physical variables such as the slope and inclination of the routes, reveal the speed and distance travelled in the sections, respectively. Likewise, values such as the battery consumption voltage and current have been measured to estimate the traction power of the circuit. As a result of these tests we have obtained the speed and height profile as well as the traction power and energy required for completing the routes. The vehicle used for conducting the preliminary tests has the same physical characteristics as the proposed vehicle, and therefore the data obtained are valid for the study. The total distance travelled on the two sections is nearly 8 km, 4.2 km for route 1 and 3.78 km for route 2. In Figure 4 , we can see that the elevation of route 1 is between 669 and 611 m, with slope values between a maximum of 8.3% and a minimum of −10%. For route 2, the elevation is between 668 and 632 m, with inclination values between a maximum of 9.62% and a minimum of −11.1%.
The size of the electric motor and batteries are established based on the energy requirements of the vehicle. In addition, a 200 W fuel cell connected directly to the batteries through a DC-DC converter is used for charging the batteries while driving on the course. Once we developed the mathematical model, we made the respective simulations using the AVL Cruise programme to create a final model for the vehicle. The performance of the golf car, based on the typical characteristics of this class of vehicles, has been used as the starting point. The energy estimates are determined based on an experimental drive cycle similar to a golf course circuit. Two sections have been determined: the first from hole 1 to 9 and the second from hole 9 to 18. Figures 2 and 3 , using instrumentation equipment to measure physical variables such as the slope and inclination of the routes, reveal the speed and distance travelled in the sections, respectively. Likewise, values such as the battery consumption voltage and current have been measured to estimate the traction power of the circuit. As a result of these tests we have obtained the speed and height profile as well as the traction power and energy required for completing the routes. The vehicle used for conducting the preliminary tests has the same physical characteristics as the proposed vehicle, and therefore the data obtained are valid for the study. The total distance travelled on the two sections is nearly 8 km, 4.2 km for route 1 and 3.78 km for route 2. In Figure 4 , we can see that the elevation of route 1 is between 669 and 611 m, with slope values between a maximum of 8.3% and a minimum of −10%. For route 2, the elevation is between 668 and 632 m, with inclination values between a maximum of 9.62% and a minimum of −11.1%.
The size of the electric motor and batteries are established based on the energy requirements of the vehicle. In addition, a 200 W fuel cell connected directly to the batteries through a DC-DC converter is used for charging the batteries while driving on the course. Once we developed the mathematical model, we made the respective simulations using the AVL Cruise programme to create a final model for the vehicle. 
Design the Traction System
To obtain the energy required for driving the golf car along the predetermined course, we must start with vehicle dynamics and calculate the resistances that oppose movement such as the rolling resistance, aerodynamic resistance, gravitational resistance, and the resistance to inertia, as well as calculating the fundamental equation for the longitudinal movement for these types of forces, where the vertical and pitch forces of sprung mass are ignored. Applying Newton's second law and the Euler equation we have:
where = Gross mass and is the sum of mv + mBAT + mPAS + mBOP + mH-T + mequi = longitudinal acceleration = Front traction effort = Rear traction effort = Front rolling resistance = Rear rolling resistance = Aerodynamic drag = Weight of the vehicle, is the product of the mass and gravity = Slope angle to be overcome Figure 5 shows the free solid diagram of the forces that interact with the golf car. We must also consider the inertia caused by the rotating masses of the vehicle (brake discs and drums, transmission system, etc.), which are represented by a factor called mass increase , and therefore Equation (2) would be as shown below:
where = Mass factor = Moment of inertia of the masses that turn with the wheels with respect to their rotary axes = Moment of inertia of the transmission components = kinematic radius equivalent to the radius of the wheel under a load 
To obtain the energy required for driving the golf car along the predetermined course, we must start with vehicle dynamics and calculate the resistances that oppose movement such as the rolling resistance, aerodynamic resistance, gravitational resistance, and the resistance to inertia, as well as calculating the fundamental equation for the longitudinal movement for these types of forces, where the vertical and pitch forces of sprung mass are ignored. Applying Newton's second law and the Euler equation we have: Figure 5 shows the free solid diagram of the forces that interact with the golf car. We must also consider the inertia caused by the rotating masses of the vehicle (brake discs and drums, transmission system, etc.), which are represented by a factor called mass increase γ m , and therefore Equation (2) would be as shown below: where γ m = Mass factor I r = Moment of inertia of the masses that turn with the wheels with respect to their rotary axes I t = Moment of inertia of the transmission components r = kinematic radius equivalent to the radius of the wheel under a load ξ j = Transmission ratio respect to the wheels While the tractive effort F T is the sum from front (F t ) and rear (F d ) traction effort and is defined by:
where F T = Tractive effort developed by a traction motor on driven wheels M ME = Torque of the electric motor To carry out these calculations, we have considered the weight of the empty golf car and have added the weight of the different components. The battery pack is estimated to weigh 106.4 kg, and the weight of the occupants is estimated for two male adults that are sitting with a weight within the 50th percentile with standing heights of 175 cm and weighing 77 kg each [28] , and the weight of the golf clubs is 30 kg each. The values of Cx and fr are estimated at 0.45 and 0.02, respectively [29] . Table  3 lists all the parameters that have been considered. To carry out these calculations, we have considered the weight of the empty golf car and have added the weight of the different components. The battery pack is estimated to weigh 106.4 kg, and the weight of the occupants is estimated for two male adults that are sitting with a weight within the 50th percentile with standing heights of 175 cm and weighing 77 kg each [28] , and the weight of the golf clubs is 30 kg each. The values of C x and f r are estimated at 0.45 and 0.02, respectively [29] . Table 3 lists all the parameters that have been considered. The performance of the proposed vehicle is detailed below based on the standard for this type of vehicle. The design is related to the vehicle's response during longitudinal movements. Three determining criteria are taken into account, which include the following: the maximum speed, acceleration, and maximum slope. Based on these it calculates the propulsion power required for moving the vehicle [26, 30] .
Power Required for Reaching Maximum Speed
The traction power required for reaching maximum speed can be obtained using the following expression:
where P t vel = Power rating for reaching maximum speed g = Gravity f r = Rolling resistance coefficient
The maximum speed is determined based on the performance we wish to obtain for a vehicle intended to be used to drive around a golf course. According to standard ANSI/ILTVA Z130.1-2012, it must not exceed 24 km/h, nor shall it be able to accelerate 0.5 g (4.9 m/s 2 ) for intervals exceeding 0.2 s [31] . For this vehicle, the maximum speed is set at 20 km/h.
Power Required for Acceleration
To assess these criteria, we have considered the behavior of the vehicle on a flat track and then evaluated the behavior of the vehicle when transitioning from low speed (0 km/h) to high or maximum speed (20 km/h). In this case, we must calculate the time and distance required to reach this speed. Since this is an electric vehicle, the test is conducted at maximum torque, since in electric motors, the torque is a simple function of the speed. At low speeds, the torque is normally constant until reaching a base speed, and after this, the torque decreases. The acceleration time can be determined using the following expression:
where P ME,max = Maximum Power of the electric motor
The first term on the right-hand side of Equation (6) is in correspondence with the speed region lower than the vehicle base speed, and the second term is in correspondence with the speed region beyond the vehicle base speed. However, we can obtain an approximation, i.e., decreasing the rolling and aerodynamic resistance. This way the traction power is determined by the following expression:
where t a = Acceleration time from 0 to 20 km/h V f = Final Speed P t ace = Power consumed for vehicle acceleration
The equation above does not include the average drag power during acceleration ( P _ drag ), which can be defined as:
Adding the average drag power to the traction power of Equation (8), the traction power in acceleration would be expressed as:
The power required for acceleration (P t ace ) in this equation is applied to a specific acceleration standard where t a is the acceleration time employed, which in this case is 10 s, as it is defined based on how long it takes the vehicle to reach its maximum speed from its initial speed equal to 0 km/h, V b is the base speed of the vehicle (6 km/h), V f is the final and maximum speed (20 km/h) speed of the vehicle.
Traction Power Required for the Maximum Slope
In this section, we analyze the traction power required for the vehicle to overcome the maximum slope (25% for paved roads and 15% for unpaved roads [28] ), at a certain speed (6 km/h). Given that the analysis is carried out on a steep slope and at a low speed, the aerodynamic resistance can be decreased and therefore it can be determined using the following expression:
where θ is the angle of the slope to be overcome and V b is the speed it must travel to overcome the slope (Base Speed in this application). The results show that the traction power required for maximum speed (P t vel ) is equal to 0.82 kW for an acceleration (P t ace ) of 1.62 kW and for a maximum slope (P t sl p ) of 2.42 kW, therefore applying the three criteria. Then as a minimum, the power rating (P t ) of the electric motor must have the power obtained for maximum slope.
Torque Required by the Electric Motor
The maximum motor torque characteristic is described via the correlations between the output torque, the output power, and the angular speed. The electric motor torque is calculated using the following expression:
Likewise, for the wheel:
where M ME = Output torque P ME = Output power ω ME = Angular speed M re = Torque on the wheel ξ j = Final transmission ratio ξ j is equal to the transmission ratio of the differential (ξ d = 12.25) since it does not have a gearbox (ξ j = 1). Using these expressions, we can determine that the required torque on the wheels is 445.25 Nm and the minimum motor torque is 36.34 Nm at a minimum power of 2.42 kW. The characteristics of the selected motor are described in Table 4 . For determining the size of the batteries, we have estimated the instant traction power required by the golf car at each one of the sections of the circuit. Additionally, we have calculated the energy consumption accumulated in each section in order to be able to estimate the characteristics of the energy storage system (Figure 6a,b) . A preliminary design can be estimated using the following expressions: throughout the course, we can determine that the instant traction power does not exceed 5000 W approximately 95% of the time in both routes, and therefore, a more rugged design from an energy perspective is to consider using four 12 V batteries connected in series and with a capacity of 105 Ah.
We have evaluated and characterized five types of batteries, two with a capacity of 155 Ah, one with 115 Ah, and two with 105 Ah. The batteries selected based on their performance are US 27DC XC 2 and their specifications are shown in Table 4 . We considered optimal this selection for this application and typology. Since a pack of batteries of greater capacity would be overestimated in addition to the inconvenience of increasing the weight of the vehicle and a pack of smaller batteries would not cover the demand in power peaks. It must be taken into account that the lead acid batteries must not be discharged beyond 10.5 V (for a 12 V battery) at a temperature of 25 • C [32] . ∆E max is the energy consumed during route 1 and 2. Based on the state of the charge curve, we have considered a SOC t of 30% and SOC b equal to 90%, Energies 2018, 11, 1766 13 of 30 which are representative values that guarantee a high number of charge and discharge cycles for this type of battery, the state of charge introduced in expression (16) is 60% and it is the variation of SOC (∆SOC). η BAT is the battery's efficiency equal to 85% [33] and f is the charge factor that guarantees obtaining the battery capacity at 1C and is equal to 1.5. The energy obtained by the storage system is 1205 Wh for the entire circuit and the capacity of the batteries is 32 Ah. The values obtained using these equations are considered referential because they belong to a static cycle where an average power is considered. For a dynamic cycle, we must consider relevant factors such as the required power peaks, which may affect the service life of the batteries in addition to the Peuker effect (relationship between the state of charge of a battery and its discharge ratio). A more conservative approximation consists of evaluating the recurrence with which each instant power value is required and classifying it statistically, as shown in Figure 7 . Analyzing the power peaks listed in Figure 6a ,b, we see values up to 10 kW. However, if we look at the frequency of the demand for each power value throughout the course, we can determine that the instant traction power does not exceed 5000 W approximately 95% of the time in both routes, and therefore, a more rugged design from an energy perspective is to consider using four 12 V batteries connected in series and with a capacity of 105 Ah. We have evaluated and characterized five types of batteries, two with a capacity of 155 Ah, one with 115 Ah, and two with 105 Ah. The batteries selected based on their performance are US 27DC XC 2 and their specifications are shown in Table 4 . We considered optimal this selection for this application and typology. Since a pack of batteries of greater capacity would be overestimated in addition to the inconvenience of increasing the weight of the vehicle and a pack of smaller batteries would not cover the demand in power peaks. 
State of Charge of Batteries
The state of charge refers to the current capacity of a battery and is defined as the ratio of the available capacity QQH to the nominal capacity QQH,max.
In a time interval with a constant discharge current , the state of charge can be expressed by the current integration method as:
The estimation of the state of charge is a fundamental parameter in vehicles of this type. The methods commonly used to estimate the SOC are the following: the Coulomb counting approach, open-circuit voltage measurements, dynamic equivalent circuit-based models, electrochemical impedance spectroscopy, the artificial neural network approach, and extended Kalman filters (EKFs). The physical model of the present work estimates the state of charge by means of the Coulomb Counting method, which is a suitable method used in electric vehicles, which consists of calculating the SOC by measuring the current of the battery and integrating it over time, it is a very simple 
The state of charge refers to the current capacity of a battery and is defined as the ratio of the available capacity Q QH to the nominal capacity Q QH,max .
In a time interval dt with a constant discharge current i, the state of charge can be expressed by the current integration method as: The estimation of the state of charge is a fundamental parameter in vehicles of this type. The methods commonly used to estimate the SOC are the following: the Coulomb counting approach, open-circuit voltage measurements, dynamic equivalent circuit-based models, electrochemical impedance spectroscopy, the artificial neural network approach, and extended Kalman filters (EKFs). The physical model of the present work estimates the state of charge by means of the Coulomb Counting method, which is a suitable method used in electric vehicles, which consists of calculating the SOC by measuring the current of the battery and integrating it over time, it is a very simple method but has to start from a correct load value [34] .
If we consider in the model of Equation (19) parameters expressed in Wh, the voltage V(t) is related to the current i(t), the state of charge can be expressed [35, 36] :
For mode EV:
while for mode FCEREV:
where SOC = State of charge W dis = battery discharge power W chg = battery charge power from regenerated kinetic energy W FC = battery charge power from Fuel cell system E batt = battery's energy storage capacity, which is obtained by the multiplication of the capacity of the battery and the nominal voltage.
Energy Management Proposal with Fuel Cell
Once the size of the components of the powertrain and its main power source have been determined, a 200 W fuel cell is added to the system. The function of this component is to charge the battery pack throughout the entire course, and its small size is sufficient to meet the energy requirements of this analysis since this is an auxiliary energy system. This way, the golf car will be an electric vehicle with an extended range or a hybrid vehicle in series. The purpose of this configuration is to allow making several trips throughout the day without needing to charge the battery by connecting the vehicle to the electrical power grid. Charging is usually carried out at night and, this way, the vehicle is only limited by the autonomy provided by its batteries.
The fuel cell that is used is made of polymer electrolyte membrane (PEM), specifically from the Horizon FCS-C200 brand (from Horizon Fuel Cell Technologies, Singapore). Its characteristic parameters are listed in Table 5 . The fuel cell's polarisation and power curve are provided in Figure 8 , where the electric power in an open circuit is 0.95 V, which is less than the theoretical 1.23 V per cell. We can also see that at high voltages, the current supply is low and, therefore, the behavior of the cell at this point is not ideal. In this region there are primarily power losses in the cathode catalyst layer (CCL) called oxygen reduction reaction (ORR). Having passed this zone, the curve stabilizes and the voltage drop is nearly linear, and the losses that predominate here are resistive and ohmic. Finally, at low voltages (lower than 0.6 V per cell), the current drops sharply and, therefore, the power drops as well. In this area, the losses that predominate are due to the transport of masses of the cathode catalyst layer CCL and the gas diffusion layer GDL [39] . 
Fuel Cell Model
The following expression defines the voltage of each fuel cell with the different losses it is exposed to:
where VOC is the open circuit voltage (0.95 V in this case); Ω is the ohmic loss resulting from the ionic resistance in the electrolyte, the electrodes, the electronic resistance of the electrodes, collectors and the contact resistance; η0 is the total voltage loss in the cathode catalyst layer (CCL) and are represented by the following expression [37] [38] [39] [40] :
The activation losses are defined as:
where b is the Tafel slope, its value is normally 0.03 V; j0 is the density of the current in the cell 0.437 A cm −2 ; jσ is a current density parameter (jσ = 2i * σtb); is the molar concentration of oxygen in the channel;
is the molar concentration of reference; and * is a scalar parameter of current density
The loss due to the transport of mass in the CCL is equal to: 
where V OC is the open circuit voltage (0.95 V in this case); R Ω j 0 is the ohmic loss resulting from the ionic resistance in the electrolyte, the electrodes, the electronic resistance of the electrodes, collectors and the contact resistance; η 0 is the total voltage loss in the cathode catalyst layer (CCL) and are represented by the following expression [37] [38] [39] [40] :
where b is the Tafel slope, its value is normally 0.03 V; j 0 is the density of the current in the cell 0.437 A·cm −2 ; j σ is a current density parameter (j σ = 2i * σ t b); c h is the molar concentration of oxygen in the channel; c re f is the molar concentration of reference; and j * is a scalar parameter of current density
Energies
The loss due to the transport of mass in the CCL is equal to:
where σ t is the ionic conductivity in the CCL; F is the Faraday constant; D is the oxygen diffusion coefficient in the CCL; and β is a dimensionless parameter based on the value of the dimensionless current density j 0 that is related with the polarisation curve of the cell, where its value is usually within a transition speed of ∼ =1 for PEM cells [40] ). Finally, the loss due to the transport of mass in the GDL is equal to:
The values of these parameters are listed in Table 6 . Table 6 . Specifications for the polarization curve in the automotive software simulator [37] [38] [39] [40] . 
Specification

Efficiency of the System
The calculation of the total efficiency for a FCHEV vehicle is the same for the configuration battery/fuel cell as fuel cell/battery, this is because in both cases there is strictly an electrical coupling, unlike conventional hybrid vehicles that can also have mechanical couplings, however, the performance may vary according to the operating conditions and the control strategy taken. The following expression defines this set up well:
where η T = Total efficiency η FC = Fuel cell System efficiency η DC−DC = Efficiency of the DC-DC converter η BAT = Battery efficiency η ME = Efficiency of electric machine η j = Drivetrain efficiency
Control Strategy-Max. SOC of Battery
The desired objectives in this application include the following: the satisfaction of the power demanded by the driver, optimal performance of the components of the hybrid system, and above all to keep the SOC as high as possible at the end of each game of golf. The FCEREV configuration we have considered optimal for this application because its requirements are not as high as in a light-duty vehicle where a fuel cell/battery configuration is adequate. Figure 9 shows the control strategy adopted in the model, showing how to ensure a high behavior of the vehicle at any time. The batteries are the main source of energy and those that cover the peaks of power, while the fuel cell is an auxiliary component that minimally contributes to traction, and its main objective is to charge the battery. This strategy is suitable for applications in which the behavior (speed, accelerations, slopes, etc.) is the first concern, such as vehicles with frequent stops and starts [41] .
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Results and Discussion
The Simulation Tool
The game of golf entails making stops between holes, and also at each hole, the players may have to take several swings or shots that entail more stops. We estimate that each stop of the vehicle will take 180 s, and therefore, on average, a full game of golf could take about 195 min. The previously exposed speed profiles have been treated based on this assertion and new speed profiles have been determined for Sections 1 and 2 as seen in Figure 10a ,b, which include stops during the game. Since the fuel cell is small size, it will be operating at all times. When the vehicle is being driven, the fuel cell will provide power for the electric motor and when the vehicle is stopped, it is used to charge the batteries. At the end of the day, two objectives must be achieved: the first is to make more trips than an EV golf car and the second is to finish the day with a state of charge above 30%.
The simulation of the system has been carried out using the AVL CRUISE software (Version 2017, AVL, Graz, Austria) [42] . This simulation tool allows conducting the energy analysis and optimization of motor vehicles with conventional, hybrid, and electric powertrains. Its focus is on fuel efficiency, emissions, and the analysis of the performance throughout the vehicle development process. The model that was made is shown in Figure 11 , which includes several blocks connected to 
Results and Discussion
The Simulation Tool
Block 16 corresponds to the monitor. This component allows displaying some results of the calculation while the simulation is being executed. Block 17 corresponds to the proton exchange membrane fuel cell (PEMFC). The model is based on the electro-chemical equations that are analyzed (Equations (21)-(25) ). These equations are derived from the polarization curve of the cathode side and take into account the activation, ohmic, and mass transport losses. Finally, block 18 defines constant values, which may be used by other blocks via the data bus. The simulation of the system has been carried out using the AVL CRUISE software (Version 2017, AVL, Graz, Austria) [42] . This simulation tool allows conducting the energy analysis and optimization of motor vehicles with conventional, hybrid, and electric powertrains. Its focus is on fuel efficiency, emissions, and the analysis of the performance throughout the vehicle development process. The model that was made is shown in Figure 11 , which includes several blocks connected to each other, and based on a logic algorithm, they are predefined to interact with each other. Block 1 shows the model vehicle. Block 2 is the final drive, and this block makes a reference to the final transmission of the vehicle. Blocks 3 to 6 are the tires that connect the vehicle to the road. Blocks 7 and 8 are the vehicle's brakes. The brakes are described using braking data and sizes as well as a specific braking factor. Block 9 is the eDrive HPQ3-48 (from Hepu Power Technology Co., Zhaoqing, Guangdong, China) and represents the electric drive machine. It may operate as a motor or generator and is defined based on its characteristic map. The block includes the DC-AC converter. Block 10 references the gear and differential. Block 11 is the cockpit, and the function of this component is to connect the driver with the vehicle and the connections are made through the data bus. Block 12 refers to the drive batteries. The basic model consists of a voltage source and an ohmic resistance. The resistance model is designed to take into account a large number of the complex processes occurring inside the battery. Block 13 corresponds to the DC-DC converter. This component is used to efficiently transform DC voltages, its function is to couple the different voltage ranges to that which is suitable for the electric motor, which allows for a proper energy flow between the components involved in the current bus. Block 14 corresponds to the e-Drive Control System function and block 15 to the eBrake and mBrake Unit. Their functions are defined by the user and they are programmed in the C programming language. The eDrive function corresponds to the control of the electric motor and the eBrake function to the regenerative braking function. 
Model Simulation and Validation
Tractive Effort throughout the Course
A proper design of the drive system must guarantee that the tractive effort throughout the course at the destination speed range does not exceed the maximum tractive effort (calculated using expression (4)). Based on the speed profile obtained at a golf course, the maximum capacities are rarely used. In fact, most of the time, the drive system is operating at partial load as we can see in Figure 12 . In a large measure, the operating range depends on the operating conditions such as accelerations, decelerations, and climbing up or going down slopes. However, the obtained speed profile can be assumed as the typical behavior of a driver on a golf course, and therefore, the sizing of the electric motor meets the different range of demands. It is worth mentioning that since the electric motor operates in several angular speed ranges and under different conditions, its efficiency differs from the maximum. To obtain more reliable results, a test has been conducted on a test bench of the motor torque and efficiency curve based on the speed. This is shown in Figure 13 . (21)- (25)). These equations are derived from the polarization curve of the cathode side and take into account the activation, ohmic, and mass transport losses. Finally, block 18 defines constant values, which may be used by other blocks via the data bus.
Model Simulation and Validation
Tractive Effort throughout the Course
A proper design of the drive system must guarantee that the tractive effort throughout the course at the destination speed range does not exceed the maximum tractive effort (calculated using expression (4)). Based on the speed profile obtained at a golf course, the maximum capacities are rarely used. In fact, most of the time, the drive system is operating at partial load as we can see in Figure 12 .
In a large measure, the operating range depends on the operating conditions such as accelerations, decelerations, and climbing up or going down slopes. However, the obtained speed profile can be assumed as the typical behavior of a driver on a golf course, and therefore, the sizing of the electric motor meets the different range of demands. It is worth mentioning that since the electric motor operates in several angular speed ranges and under different conditions, its efficiency differs from the maximum. To obtain more reliable results, a test has been conducted on a test bench of the motor torque and efficiency curve based on the speed. This is shown in Figure 13 . 
Managing the Power and Energy of the Drive System
We have conducted a simulation of the behavior of the golf car based on the speed profile of Figure 14 , which is the connection between route 1 and 2.
power Figure 17 shows the total electric power consumption during the course. The balance shows that a total energy of 0.597 kWh (Total Output Energy) was consumed during the driving cycle, of which 0.168 kWh (Energy discharge) was provided by the battery, 0.079 kWh by the regenerative braking, and 0.350 kWh (Total Input Energy) by the fuel cell. The demand for power from the electric motor ( Figure 15 ) is in a large measure covered by the batteries, and their state of charge will depend on the operating conditions. Figure 16 shows the power supplied by the battery pack on the circuit. Peaks nearing 6 kW are experienced during the most demanding conditions and we also see that during the tests, the average power of the fuel cell is 160 W. The function of this element is to provide its energy throughout the course. In fact, based on an initial SOC of 90% that is assumed at the start of the day, the cell never stops operating in a constant mode, and this is because its power is small and its main function is to charge the batteries in order to maintain a high SOC at the end of the day.
The demand for power from the electric motor ( Figure 15 ) is in a large measure covered by the batteries, and their state of charge will depend on the operating conditions. Figure 16 shows the power supplied by the battery pack on the circuit. Peaks nearing 6 kW are experienced during the most demanding conditions and we also see that during the tests, the average power of the fuel cell is 160 W. The function of this element is to provide its energy throughout the course. In fact, based on an initial SOC of 90% that is assumed at the start of the day, the cell never stops operating in a constant mode, and this is because its power is small and its main function is to charge the batteries in order to maintain a high SOC at the end of the day. Figure 17 shows the total electric power consumption during the course. The balance shows that a total energy of 0.597 kWh (Total Output Energy) was consumed during the driving cycle, of which 0.168 kWh (Energy discharge) was provided by the battery, 0.079 kWh by the regenerative braking, and 0.350 kWh (Total Input Energy) by the fuel cell. 
State of Charge in EV and in FCEREV
From the simulation made for the complete circuit, Figure 18 shows the results of the state of charge for the electric mode and Figure 19 shows the state of charge for the electric mode with fuel cell. After travelling 8 km, the state of charge in EV mode went from an initial SOC of 90% to a final SOC of 73.17%, or in other words, a decrease of 16.83%, unlike the FCEREV mode where the state of charge at the end of the course was 85.0%, with a decrease of only 5.0% from the initial.
These results are favorable and the aim of this arrangement is to extend the autonomy of the vehicle so that it can make the highest number of trips in a day. The purpose is to have an SOC of no less than 30% at the end of the day, which would shorten the life of the batteries as well as not having the vehicle available for the rest of the day. The analysis is especially set during the summer, where the courses can begin at 07:00 and end at 12:00, which would require making at least five trips. In electric mode, the vehicle could not make more than three trips since it would end up with an SOC of 39.51% and this would not allow making a fourth trip. However, since the vehicle incorporates a small sized fuel cell, the autonomy can be extended and two more trips can be made without needing to charge the vehicle. 
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The hydrogen that supplies power to the fuel cell is stored in metallic hydrides, the capacity of the bottle is 2400 cm 3 , it weighs 6.5 kg, and contains 0.085 kg H 2 , which allows extending the autonomy by 11.7 km as compared to the electric mode, with the battery ending up with a state of charge of 65% after having made five trips. Table 7 shows the relevant results of this analysis. 
Comparative Analysis with Others Battery Technologies
The technology of the batteries is diverse. In the present, there are old technologies that have consolidated until new technologies arise with greater densities of power and more outstanding power. Next, the main batteries that are used in the automotive sector for propulsion of a vehicle are detailed. The lead acid batteries have an energy density between 20 and 50 Wh/kg [43, 44] , and their advantage lies in being a known and mature technology. Thus, their cost is approximately 100 USD/kWh, although the energy density is low but appropriate for vehicles with low performance [45] . Ni-MH batteries are used in hybrid vehicles such as the Toyota Prius, and its energy density is 60 to 80 Wh/kg [45] , while its cost is estimated between 700 and 800 USD/kWh [44] . It is a mature technology, but it has already reached its highest potential, both in cost reduction and in characteristics. The lithium-ion battery has gained much acceptance in the automotive industry due to its excellent characteristics, and it is planned as the technology to adopt in propulsion systems of hybrid and electric vehicles. Its energy density varies between 80 and 120 Wh/kg and its price can be around 750 USD/kWh [45] . Finally, sodium nickel chloride batteries (Na/NiCl 2 , Zebra) are a safe and low-cost technology (one third of the price of lithium-ion batteries) and also has a satisfactory energy density that is comparable to that of Li-ion (approximately 120 Wh/kg). Its disadvantage is that its specific power is much lower (150 W/kg), which causes a greater weight in a vehicle per unit of power [46] . Table 8 shows comparisons acquired through a series of simulations applied to a golf car between the different battery technologies. The total energy output and SOC have been obtained for each type of battery and ∆E and ∆SOC is the variation of energy and SOC, respectively, of the batteries of lead acid compared to the rest of the technologies. As can be seen, the least efficient technology is that of lead batteries, however their costs are much lower than the rest of the technologies, so for applications of this type, they are the most suitable. 
Sankey Energy Diagram during the Trip
Like all energy systems, this system also loses energy during the energy conversion process. Figure 20 shows the Sankey diagram that explains this loss. The input energy is supplied by two sources: the traction batteries and the fuel cell system. With this design, the batteries are the main source while the fuel cell is an auxiliary system that supplies constant energy for charging the batteries and supplying the electric motor, depending on the situation. The results show that the batteries have supplied a primary power of 1053.3 kJ and the fuel cell system has supplied 2092.9 kJ. The battery loss is 166.49 kJ, while the loss of the fuel cell is 690.39 kJ. A DC-DC converter is used to convert the output voltage of the fuel cell to that of the batteries. This conversion process produces a loss of 140.26 kJ, the loss produced by the electric motor is 834.41 kJ (includes the losses of the DC-DC converter estimated at 10%), and the loss produced by the braking is 155.2 kJ. Finally, the energy required for the vehicle to operate throughout the entire course is 1162 kJ, obtaining an overall efficiency of 36.90%. That is, 63.10% of the energy was lost as a result of the different conversions. 
Comparison between Experimental and Simulated Results
The proposed electric golf car is shown in Figure 21 . In the rear compartment shown in Figure  22 we can see the arrangement of drive system components such as the electric motor as well as energy storage system components such as the battery pack and hydrogen bottle and also the fuel cell system with its respective components. Finally, Figure 23 shows the instrumentation equipment used for acquiring data of the different physical variables that are used such as the voltages and currents of the battery pack, fuel cell, and the output of the DC-DC converter and also obtaining of the speed and elevation profiles. The equipment also allows entering equations for calculating other data based on the measured variables, from which we have obtained the power of the fuel cell, the power of the battery pack and the converter output power as well as the hydrogen consumption based on the manufacturer's curve. Table 9 shows a comparison between the results measured during the tests and those simulated by the software. We can see that the margin of error does not exceed 6%. 
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Conclusions
Currently, chemical energy storage using hydrogen is an alternative fuel system used for road transport and the advantages it has over the electro-chemical storage of the batteries is that it can be charged in just a few minutes. This article has proven the feasibility of extending the autonomy of an electric vehicle using two energy storage systems, achieving an increase in autonomy from 30.8 km in EV mode to 42.5 km in FCEREV mode using a hydrogen bottle filled with 0.085 kg H2. This allows the vehicle to make up to five trips around the course in one day. From the simulation, we see that the state of charge of the batteries after three trips is 39.51% in EV mode compared to 75% in FCEREV mode. No more than three trips should be made in electric mode since the SOC threshold of the batteries is 30% while in the FCEREV mode, the vehicle can make up to five trips using the hydrogen bottle and ending the day with an SOC of 65%.
The energy consumed during the full trip has been 0.597 kWh, of which 0.168 kWh is provided by the battery, 0.079 kWh by the regenerative braking, and 0.350 kWh by the fuel cell. In terms of primary energy, the fuel cell system supplied 2092.9 kJ during the cycle while the batteries supplied 1053.3 kJ. The useful energy used for moving the vehicle was 1162.0 kJ, obtaining an overall system efficiency of 36.9%.
Finally, we have proven that using an auxiliary system with a small power fuel cell we can cover a specific mobility requirement, which is also feasible for vehicles with larger demands as well as for other similar applications such last mile city distribution vehicles, pedestrian movements at airports, fairgrounds, parks, etc. 
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